SUMMARY Non-invasive recording of aortic blood flow velocity patterns in the ascending aorta and in the arch of the aorta was performed in 12 normal subjects, 38 patients with confirmed aortic valve disease, and 13 patients with aortic prostheses using pulse echo Doppler velocity recordings. In normal subjects, the velocity recordings correlated well with those obtained by other authors using invasive procedures. In patients with aortic valve disease, specific abnormalities of the velocity curves were found to correlate well both with the type of lesion (stenosis or regurgitation) and its severity on a three-point scale. Both sensitivity and specificity were found to range between 80 
SUMMARY Non-invasive recording of aortic blood flow velocity patterns in the ascending aorta and in the arch of the aorta was performed in 12 normal subjects, 38 patients with confirmed aortic valve disease, and 13 patients with aortic prostheses using pulse echo Doppler velocity recordings. In normal subjects, the velocity recordings correlated well with those obtained by other authors using invasive procedures. In patients with aortic valve disease, specific abnormalities of the velocity curves were found to correlate well both with the type of lesion (stenosis or regurgitation) and its severity on a three-point scale. Both sensitivity and specificity were found to range between 80 and 94 per cent. A less accurate grading of severity was obtained from patients with aortic regurgitation by the detection of turbulence in the left ventricular outflow tract than from the appearance of the aortic velocity curves. In the studies of patients with aortic prostheses, anomalies of the velocity pattern could be found in the ascending aorta in 53 per cent but no abnormalities of timing were found.
In spite of some technical limitations, pulse echo Doppler velocity recordings provide a new non-invasive, reliable, and reproducible approach in assessing the presence and severity of aortic lesions and demonstrating flow abnormalities produced by prostheses.
The accurate diagnosis and assessment of the severity of aortic valve disease as well as malfunction of aortic valve prostheses require invasive procedures. None of the non-invasive techniques such as phonocardiography, continuous wave Doppler arterial blood velocity measurements, or standard echocardiography can give a full evaluation of aortic valve function in all types of lesion. Twodimensional echocardiography, though helpful in many lesions, is not sufficiently accurate in the assessment of aortic regurgitation and does not by itself provide useful information about flow dynamics of the aortic valve. The recent development of pulse echo Doppler blood velocity recordings by our group1-3 enables the clinician to record directly and non-invasively the flow velocity patterns in the aorta and prompted us to find out whether it could provide a useful technique for the evaluation of aortic valve function.
Subjects and methods
The control group consisted of 12 healthy subjects (four female and eight male), ranging in age from 5 to 54 years (mean 24), in whom any suspicion of organic heart disease had been ruled out by standard non-invasive procedures. A group of 38 subjects with aortic valve disease was studied (11 female and 27 male) ranging in age from 13 to 77 years (mean 49), including 11 with pure aortic stenosis, 17 with pure regurgitation, and 10 with combined stenosis and regurgitation (Tables 1-3 ). The aetiology of the aortic stenosis was found to be rheumatic in six cases, congenital in five cases, and degenerative with calcification in 10 cases. The aetiology of the aortic regurgitation was rheumatic in 10 cases, endocarditis in two cases, aortic dissection in one case, congenital in one case, atheroma in one case, and paravalvular prosthetic leak in one case. There was also one case of Pezzi-Laubry syndrome.
Four of these cases had associated mitral valve lesions, and two had mitral prostheses; 31 were in sinus rhythm, five had atrial fibrillation, one ventricular paced rhythm, and one second degree atrioventricular block. Five patients had left bundlebranch block. The diagnosis and assessment of the severity of these lesions were confirmed in all cases, either by retrograde left heart catheterisation or at the time of surgery, or both. Twenty patients or by aortography (+ = slight regurgitation disappearing at the next systole; + + = regurgitation with opacification of the ventricle still present at the next systole, with progressive opacification of the left ventricle; + + + = immediate total left ventricular opacification). Surgical findings were also taken into account whenever appropriate. The three-point scale aortographic classification was used to avoid possible overlap between the grades when using a four-or five-point scale.6' This was to avoid a statistically significant risk of erroneous grading being introduced.8 The same three-point grading was used for associated lesions. Since this group of patients studied included few mild lesions, 10 additional subjects, five with mild aortic stenosis and five with mild aortic regurgitation, were also studied to test the validity of the method. The diagnosis was assessed by other non-invasive procedures and on the clinical data including electrocardiography, chest x-ray, phonocardiograms, and echocardiograms. However, these additional cases were not included in the statistical analysis.
TECHNIQUE
Range-gated ultrasonic pulsed Doppler blood velocity recording technique has been described elsewhere,9 10 particularly the principle, apparatus, and the combined use of the Doppler technique with echocardiography using spectral analysis." (A) Doppler principle The instantaneous flow velocity of a small (2 x 4 mm) teardrop-shaped sample volume of blood is proportional to the frequency shift between the ultrasonic beam emitted to, and the back-scattered ultrasound from, the red blood cells within the sample (Fig. 1) Non-invasive diagnosis and assessment of aortic valve disease recorded simultaneously or separately on a stripchart recorder and demonstrates more obviously the anomalies which are also seen on the time interval histogram but are less easy to measure and evaluate on that type of display. The analogue velocity output represents a more convenient way of demonstrating cardiovascular correlation and is especially useful for grading the severity of lesions. The use of pulse echo techniques with limited pulse repetition frequency means that the maximum velocity that can be measured is limited and the true value of the flow velocity in the highly turbulent flow regimens seen in aortic valve disease is underestimated. The zero crossing technique to obtain an analogue blood velocity curve also results in underestimation of the flow velocity where there is a poor signal to noise ratio. It is therefore worth emphasising that the method described relies exclusively on pattern recognition and time anomalies in the flow velocity curves and not on the absolute value of velocity measured by this technique. The timing of the flow velocity characteristics was made from the analogue curve because they were easier to recognise there, but these measurements were always checked against the simultaneous time interval histogram spectrogram to make sure there was no distortion of the readout. The approximate time delay introduced by the frequency to voltage converter was approximately 30 ±0 3 ms when it was compared with the output from an electromagnetic flowmeter. Because of this delay in the velocity curve, the relative value and the absolute value of measurements were considered and compared with each other rather than made into absolute measurements. The ATL equipment includes a conventional echocardiograph with display of both A-and M-mode. A single transducer is used for all procedures; the location of the Doppler gate which controls the position of the sample volume is controlled by the operator and can be monitored on an oscilloscope. The device is linear to within 5 per cent from 0 to 100 cm/s for steady flow. Recordings were made most conveniently from the aorta with the transducer coated with conductive jelly placed in the suprasternal notch perpendicular to the skin so that the ultrasound beam successively passed through the aortic arch, the right pulmonary artery, and the left atrium'2 (Fig. 2) . The transducer is then slightly angulated in a left posterior right anterior plane to superimpose both the axis of the ultrasound beam and the aorta. The Doppler gate is then adjusted to lie within the lumen of the vessel (Fig. 1) . The correct orientation has been achieved when the typical Doppler audio signal is heard with minimal gain settings. It is possible by tilting the transducer and altering the depth of the sample volume to record several velocity wave forms at different sites within the ascending aorta and aortic root. The convention is followed of showing flow away from the left ventricle as a positive deflection and flow back towards the left ventricle as a negative deflection. This flow convention can be maintained by reversing a polarity switch when recordings are being made from the arch or descending aorta as opposed to the ascending aorta since the direction of flow with respect to the Doppler probe changes. Another approach to the ascending aorta is from the right supraclavicular fossa. From this site, the sample volume is set to depths from 5 to 8 cm. At 8 or 9 cm, the sample volume is very close to the sinuses of Valsalva. In that situation some of the aortic valve may be seen on the echocardiographic trace and a sharp sound may be superimposed on the Doppler audio signal if the valve enters the Doppler sample volume. A third approach is from the conventional echocardiographic access point along the left sternal edge. This approach is particularly useful for recording aortic valve motion velocities, turbulence, and prosthetic motion velocities, whereas aortic blood velocities are poorly recorded from this site as the ultrasound beam is almost at rightangles to the flow. A specific search for turbulence in the left ventricular outflow tract was always made in cases of pure aortic regurgitation to verify the site of regurgitation and prove that it was the aortic orifice."
FEATURES OF VELOCITY RECORDINGS

Velocity patterns
In every recording from the ascending aorta and arch, we carefully studied: (1) the shape of the systolic "S" summit of the systolic curve; (2) the band width of the frequency spectrum; and (3) the pattern and polarity of the diastolic curve. 397 group.bmj.com on October 22, 2017 -Published by http://heart.bmj.com/ Downloaded from Veyrat, Cholot, Abitbol, Kalmanson Timing The following time intervals were measured on the velocity curves obtained from measurements from the ascending aorta and arch; RR intervals of the electrocardiogram; Q wave of the electrocardiogram to the onset of the systolic velocity curve (Q-O). The ejection time was determined from the analogue velocity (zero-crossing output) from the beginning to the end of the systolic wave. Three successive measurements were made from every subject and the average value thus obtained. All the time intervals were expressed in milliseconds and corrected for heart rate according to the Bazett formula.'3 In this series of 76 patients, from whom two basic recordings were made (total 152), 32 could not be used for timing measurements because of inadequacy of either the time interval histogram recording or the analogue signal. A statistical analysis of the results was performed using a Hewlett-Packard A851 computer used to derive mean values and standard deviations and also to perform Student's t test between the different groups of subjects.
Results
Timing data are summarised in Table 4 .
The curves represent the blood velocity patterns of aortic blood flow at different points in the aorta. Since the output of the Doppler device is directional, negative flow, that is flow back towards the Fig. 2 Suprasternal echo-Doppler scanning from the left atrium to the aorta in normal subjects. From above down, lead II ECG phonocardiogram (medium high frequency); echo with the sample volume position shown by "G" and at the bottom the analogue flow velocity output superimposed on the spectral display (FR) . The sample volume position "IG " is shown on the echocardiogram for successive recordings from the left atrium (LA) depth 9 cm: a high atrial velocity pattern is displayed on the left; next in the right pulmonary artery (PA) depth 7 cm: a negative systolic wave away from the transducer is recorded in the middle, and finally in the aorta (AO) depth 6 cm, a positive systolic wave towards the transducer of much higher amplitude is recorded here. A spectral negative S wave indicating aortic arch location of the sample is often shown using this orientation, but this is dependent upon the anatomy of the subjects. 398 group.bmj.com on October 22, 2017 -Published by http://heart.bmj.com/ Downloaded from Non-invasive diagnosis and assessment of aortic valve disease left ventricle is shown as a negative curve and flow away from the heart as a positive deflection.
NORMAL SUBJECTS (Group 1: Fig. 2 , 3, and Table 4) (1) Ascending aorta The pattern of the spectral curve starts at the end of the first sound, and consists of a large positive triangular-shaped systolic wave, with a rapid upstroke, a sharp early peak labelled "S" followed by a less rapidly descending limb. It overrides the zero line and shows a precipitous, much smaller, negative deflection labelled the "R" wave.
L B ECHOH-_
The velocity curve then rejoins the zero line and follows it throughout the remainder of diastole, showing a few small oscillations. The spectral output is made up of a thin regular coherent line of dots very closely spaced. The breadth of the spectrum is usually less than 1 cm, with discrete broadening of the spectrum at the top or on the descending limb of the summit "S". Small variations may occur consisting of a bifid pattern of the "S" wave or an irregular "S" summit amplitude, depending directly on the length of the preceding diastole in the case of a respiratory arrhythmia. When recordings have been made from close to ', c~~~~~.~7
; ls Fig. 3A and B). Left: velocity records in the ascending aorta as shown by the gate (G) and by the positive "S" wave on the spectrum frequency: both the analogue and the spectral curves show characteristic systolic anomalies consisting of the occurrence of coarse and important irregularities (arrows) replacing the normal triangular-shaped "S" wave, when the sample is near the aortic orifice; at a distance along the upper part of the ascending aorta (middle), the "S" summit progressively reappears with a slow and somehow irregular ascent, both on the spectrum and analogue. Right: the gate is in the arch (negative systolic wave on the spectrum Fig. 4 and 5) Pattern and timing anomalies were found but only the former are described here.
(1) Ascending aorta The normal triangular systolic pattern is not recorded but is replaced on the spectral display by a wide band width, a signal with considerable dispersion of the dots throughout most, or all, of systole. A slow ascent may be observed on the analogue output. Corresponding anomalies are that the "S" summit is amputated and replaced by an irregular saw-toothed plateau and on the loud-A ECk speakers, a loud, harsh prolonged sound is heard. These characteristic anomalies are usually recorded close to the aortic valve and spread a variable distance along the aorta.
(2) Arch The systolic pattern may be very similar to that recorded in the ascending aorta consisting on the time interval histogram of a broadened spectrum and on the analogue display of an amputated sawtoothed sunmmit, or the normal triangular-shaped systolic wave may reappear after a slower than normal ascent. The duration of the systolic wave is usually increased and the tracings frequently overlap in diastole. Fig. 5 Aortic flow velocity pattern in pure and severe aortic stenosis (case 1-aortic orifice of 0-3 cm2 at operation) (same legend as Fig. 2 and 3C ). (A) The gate (G) is in the ascending aorta. The normal summit "S" is cut off and replaced by the same coarse indentations as seen in the ascending aorta in the preceding case and a large broadening of the spectrum (depth recording 8 cm). (B) The gate is in the aortic arch, as proven by the negative systolic wave displayed on the spectrum: the same abnormal pattern is recorded in systole, with no reappearance of the "S" summit. Time delay between the Q-onset of the velocity curves in the ascending aorta and in the aortic arch equals 0-06 s. 
The loudspeaker sound is loud and harsh in systole. The time interval histogram spectral display shows a wide rectangular-shaped dispersion of the dots spreading all over systole which is synchronous with the external murmur recorded on the phonocardiogram, where the brief initial and final deflections may be unrecognisable (see Fig. 9 ).
Severe stenosis (seven patients) In these cases the abnormality found in the ascending aorta seems to spread further into the arch and is seen on both the spectral display and the analogue readout. There is delay in appearance of the systolic wave in the arch of the aorta; spectral broadening and indentations in the analogue velocity output occur very early in the ascending limb. Some of the curves show pronounced diastolic overlap with severe prolongation ofthe ejection time in four cases.
L2
1 ---Mild stenosis (two proven cases and five non-invasively diagnosed cases), and Moderate stenosis (two cases) In all these cases except two (case 10 and one externally diagnosed), the characteristic features were present on the velocity curves recorded close to the aortic valve with a delay in the onset of the velocity curves in the aortic arch. However, the velocity anomalies progressively disappear with distance from the aortic valve, as can be seen from recording in the ascending aorta and in the arch (Fig. 4) . REGURGITATION (Group 2B: 17 patients, Fig. 6, 7, 8) The characteristic anomaly consists of reversed flow in diastole shown as a reversed deflection on both the spectral and analogue curves. (2) Arch The diastolic part of the analogue curve may be normal, rejoining the zero line immediately after the "R" wave, or be partly or totally negative (positive on the spectral curve). The systolic part of the curve shows the same peculiarity as already described for the ascending aorta.
(3) Aortic orifice The initial and final deflections are easily recorded as from normal subjects, but often have a greater amplitude with a sharper tone in the loudspeaker. There may be systolic dispersion of the dots on the spectrum as well as a diastolic dispersion often detected using a different orientation of the transducer (Fig. 10, right Fig. 1 and 3A) .
Left: aortic orifice. There is considerable dispersion of the dots in the spectral display (oblique arrow) indicating velocity disturbances; note the synchronous timing of the praecordial murmur on the phonocardiogram, with the dispersion of the dots on the spectral display. These disturbances are recorded only on intercostal space higher than the usual echo location of the transducer for examination of the aortic root and were only displayed with an asymmetrical location of the transducer disappearing when the centre of the aortic orifice was being sampled. Middle: ascending aorta. Note the association of the characteristic abnormal systolic wave "S" with the negative wave throughout diastole ("R") (oblique arrow). Right: aortic arch. The curve is delayed (delay of the Q-onset time interval equal to 0 05 s) and shows the same anomalies, though less pronounced in systole. indented "S" summit in seven cases. In four cases, slight diastolic negative velocity was present.
(2) Arch
The pattern shows some minimal disturbances of the spectrum and corresponding indentations on the summit of the S wave in the analogue curves (three patients). The Doppler loudspeaker signal is generally normal at the arch, and high-pitched but not prolonged in the ascending aorta.
(3) Aortic orifice In all cases, two brief narrow deflections with opposite polarity were recorded, one at the beginning and the other at the end of systole. The respective polarities of the deflections were reversed using the suprasternal supraclavicular or thoracic approach. Between these two deflections, the velocity curve stayed close to the zero line. The loudspeaker signal had a sharp high-pitched tone.
CARDIAC PATIENTS WITHOUT AORTIC VALVE DISEASE (Group 4: 13 patients) The anomalous summit pattern was found in two cases of pulmonary stenosis, one of them with Fallot's tetralogy. The other patients had normal systolic patterns in all aortic samples. A thin pattern with reduced systolic ejection time was found in one case of severe mitral regurgitation. In patients with atrial fibrillation the amplitude of the "S" summit varied depending on the previous diastolic interval. Where there was a long diastolic interval because of bradycardia or atrial fibrillation, the diastolic portion of the velocity curve may be irregular. In patients with Fallot's tetralogy, there was an obvious diastolic negativity owing to the presence of Blalock's anastomosis.
Aortic orifice
The findings were similar to those of the normal group except for the variable amplitude of the systolic deflections in patients with atrial fibrillation.
Discussion
Accurate diagnosis and evaluation of the severity of aortic valve disease by purely non-invasive methods has not so far been satisfactorily achieved. '3 It is pertinent to mention some technical limitations raised by the present equipment which is based on pulse echo Doppler, the time interval histogram, and zero-crossing rate meter. It is well known that the output of a zero-crossing meter, whether fed to an analogue velocity curve or a time interval histogram, is dependent upon the signal-to-noise ratio and upon the threshold setting. The time interval histogram has a gain setting which, if set too high, will cause broadening of the spectral display because of amplification of background noise. In the ATL system, the analogue velocity signal is the integrated average of the time interval histogram. Therefore, if there is a flow disturbance which has no net average velocity toward or away from the transducer, the analogue signal will sit at zero. In the examples where there is a net velocity, there will be a deflection from zero on the analogue velocity output and the time interval histogram will show spectral broadening displaced from the zero baseline. In the recordings obtained, care was taken to ensure the signals were not contaminated by noise by carefully adjusting the gain and sensitivity so that the recorded displays only showed true flow information. In order to achieve this, the gain was increased until the output was triggered by noise, then decreased until triggering was no longer observed.
The analogue signal is derived from the time interval histogram by passing it through integrating low pass filters. It therefore has an inherent delay depending upon the filter time constant. This time constant has been adjusted to produce minimal reproducible delays (0 03 s). Selection of the filter time constant is a matter of compromise between minimising this delay and producing a smooth curve. The influence of the angle theta between the ultrasound beam and the direction of blood flow is minimised when the suprastemal approach to the aorta is used since, from that location, the beam of ultrasound is nearly parallel to the direction of the central axis of the aorta.
Since none of these limitations of the technique limits its use for pattern recognition of abnormal velocity curves, discussion will be limited to the relation between the recorded curves and the pathological process producing the abnormal flow velocity.
VALIDITY AND SIGNIFICANCE OF RECORDED CURVES: DIAGNOSTIC VALUE (A) Normal subjects In normal subjects, the Doppler flow velocity patterns from the aorta are strikingly similar to those Effect of velocity profiles. The normal aortic velocity profile is almost flat except for a marginal region close to the arterial wall.3-32 The recorded velocity pattern, whatever the site of recording, is therefore representative of the overall aortic flow velocity. However, the velocity curve is not directly related to volume flow since the aortic diameter may vary in diameter by a significant amount throughout the cardiac cycle.33 3 Study of instantaneous flow velocity curves throughout the cardiac cycle demonstrates the physiological occurrence of flow disturbances during deceleration,30 or present for a short time at the peak of ejection mainly in the ascending aorta.27 35 These findings obtained with thin film anemometers agree with our observation of a slight broadening on the descending limb of the spectral curve and minute irregularities of the systolic summit. Our measured timing intervals are in general agreement with published reports for ejection time; the Q-onset interval of the velocity curve reflects the internal pre-ejection period taking into account the delay in the analogue velocity output.36 No significant delay in onset of the systolic wave is found in normal subjects between the ascending aorta and the arch of the aorta.
Aortic orifice. The systolic broadening of the spectral display consequent on the dispersion of the dots on the time interval histogram probably reflects the irregular velocities of red blood cells present in turbulence generated by stenosis. The saw-toothed indentations seen on the analogue velocity curve may be considered a more obvious visualisation of the irregular character of turbulent flow velocities. The diastolic reverse flow velocity in aortic regurgition is the graphical representation of the reflux in the aorta. In these lesions, the peak velocity is not adequately represented whenever turbulent flow is present, either in the spectral or the analogue output and some artefacts may be present in the zerocrossing output because of its inherent non-linear properties.
Effect of velocity profiles. Instead of the nearly flat normal velocity profile, aortic stenosis is characterised by an irregular profile throughout the aortic cross-section, the highest velocities corresponding to the jet which is most commonly found near the anterior aortic wall.30
Effect of aortic diameter variation. The aortic cross-sectional diameter may vary by as much as 50 per cent during the cardiac cycle in cases of severe aortic regurgitation.40 Consequently, the finding of a larger negative than positive velocity does not reflect the true volume flow in cases of gross regurgitation as previously stressed by Tunstall-Pedoe for the subclavian artery.4' AORTIC STENOSIS (A) Aortic velocity curves In 10 out of 11 patients, the characteristic abnormal systolic pattern was found, allowing a definite diagnosis to be established. This abnormality was also present in the patients with mild stenosis who were assessed purely by non-invasive procedures. The second striking feature seen in our recordings was the presence of different velocity patterns at the various sites along the aorta. The most abnormal velocity patterns were found in the samples close to the aortic orifice but they could persist for some distance downstream or be replaced by a normal or nearly normal pattern, either at the distal part of the ascending aorta or in the arch. The severity of the lesion, therefore, was not assessed purely on the existence of the abnormal "S" wave present in every 4038 group.bmj.com on October 22, 2017 -Published by http://heart.bmj.com/ Downloaded from stenosis, but on the persistence of the abnormality downstream from the valve. With this type of assessment, we could get a fairly good idea of the severity of the stenosis, comparable with the findings of invasive procedures (Table 6 ). This grading is in agreement with what we know of the propagation of turbulence downstream of a stenosed aortic valve.30 3 In 45 per cent of the patients, the diastolic part of the curve was abnormal, exhibiting chaotic irregularities particularly when the recordings showed the maximum systolic disturbances. These findings may well be related to the diastolic persistence of turbulence previously shown in some individual cases.30 35 The timing features are shown in Table 4 . One significant anomaly was apparent when comparison was made with other groups of patients (Fig. 12) .
There was a significant delay in the onset of the velocity curve when recorded from the aortic arch compared with that recorded from the ascending aorta, even in patients with mild aortic stenosis. This delay was also present in some samples recorded from the ascending aorta. It is not related to the left bundle-branch block seen in two cases since it is additional to the delay in the onset of the earliest velocity curve recorded near the aortic valve. The possibility of a technical fault cannot be excluded, though a possible distortion of the analogue curve was confidently ruled out by the simultaneous check with the spectral curve recording. Further studies will be required to elucidate this finding, which is peculiar to aortic stenosis in our study. It is consistent with the finding of Johnson et al.11 who found later turbulence in the aorta than close to the aortic valve. Though some patients had extreme prolongation of the ejection time, the mean value did not reach a significant level (p < 0 02) probably because of insufficient numbers of tracings, since these ejection times are severely abnormal when measured from pressure or carotid pulse traces.42 43 Same abbreviations as in Table 5 .
(B) Aortic orifice examination Disturbance of the spectrum at the aortic valve is a useful sign of organic valve disease but is not specific for aortic stenosis and may be encountered with aortic regurgitation, especially when the cause is endocarditis with vegetations. Abnormality is not immediately evident in some cases and may be shown only by tilting the transducer from the optimal position for obtaining echo structure visualisation. Locating the disturbances with an eccentric location of the gate may be a useful clue to the presence of a biscuspid aortic valve (Fig. 8) . Veyrat, Cholot, Abitbol, Kalmanson to the sinuses of Valsalva and recording discrete negative veolocities in diastole can be avoided by careful echocardiographic checking of the location of the sample volume. In view of the systolic changes in aortic diameter, it is clear that this qualitative method cannot be used to quantify the regurgitant flow and derive a regurgitant fraction. However, by using several different sample volumes at different sites in the aorta, it is possible to classify the regurgitation into three grades of severity. The possibility of either normal or disturbed systolic flow velocity which can be encountered in severe regurgitation30 must be taken into consideration in assessing the severity of the lesion (Fig. 11) .
Since there is no significant delay in the onset of the velocity curve at the arch in aortic regurgitation, this is a useful diagnostic criterion for distinguishing functional stenosis in severe aortic regurgitation from an organic valve stenosis, especially since the ejection time may be prolonged in both of these conditions. Very early onset of the systolic velocity curve may be noted in the ascending aorta in some cases where the end-diastolic ventricular and aortic pressures are almost equal. The insignificant delay in onset of the systolic curve compared with normal subjects could be a result of the frequent presence of aortic dilatation in aortic regurgitation.
(B) Aortic valve orifice examination Systolic disturbances of the spectral display probably indicate functional stenosis though these were not always limited to early systole especially in patients with endocarditis. Diastolic turbulence is useful diagnostically but is less important in assessing prognosis.
AORTIC STENOSIS AND REGURGITATION
The velocity curves consistently showed anomalies characteristic of both stenosis and regurgitation though both anomalies were not evident on every sample. Sequential recordings along the aorta were required to confirm the diagnosis and make sure that one of the lesions was not being missed. The specific anomalies of timing were essential in assessing the presence of coincident aortic stenosis with significant aortic regurgitation.
AORTIC PROSTHESES
The study of these included two parts. (1) The recording of the velocity of opening and closing motion of the prosthetic valve: the amplitude and duration of these deflections were similar to those of normal aortic valves but were opposite in sign since they were related to the to-and-fro movement of a single element in the beam of the transducer.
The polarity of the deflection varied according to the site of recording. No anomaly of these deflections was seen with a malfunctioning Starr-Edwards valve with paravalvular leak. Irregular amplitude of the deflections was noted with atrial fibrillation so this irregularity does not constitute by itself a sign of malfunction.
(2) Aortic velocity curve, with some spectral broadening in the time interval histogram and some saw-toothed indentations on the summit of the analogue velocity curve, is consistent with disturbed flow in the ascending aorta of patients with a prosthesis.35 These patterns may be related to a pressure gradient across the prosthetic valve.4
The absence of any timing abnormalities suggests the diagnosis of functional aortic stenosis. In diastole, the curve is similar to that of normal subjects except with a paravalvular leak when negative flow velocity was recorded as far distal as the aortic arch. These recordings led to the diagnosis of a paravalvular leak and, at operation, a paravalvular leak 1 cm2 was found and repaired. It seems, therefore, that pulsed echo Doppler recordings may provide an additional method for assessing the function of valve prosthesis.
CONTROL GROUP
None of the characteristic abnormalities found in patients with aortic valve disease was encountered in this group. The curves were either identical to those found in normal subjects, or had a velocity pattern characteristic of the underlying condition, that is a systolic "S" wave of short duration in patients with severe mitral regurgitation, or traumatic ventricular septal defect or variable systolic amplitude in cases of atrial fibrillation with the amplitude of the "S" wave dependent on the preceding diastolic interval. There were minute negative diastolic oscillations where diastole was prolonged. However, in two cases of pulmonary stenosis, the "S" wave was indented but the normal timing of the velocity events ruled out aortic stenosis. These findings emphasise the importance of combining both pattern and timing informations. It seems likely that some aortic disturbances may occur in patients with pulmonary stenosis probably because of the proximity of the major vessels.30
Correlations with classical invasive procedures (Tables 5, 6) PURE AORTIC STENOSIS
The Doppler method appears to be a useful diagnostic method, sensitivity and specificity being 87 to 90 per cent and reaching 100 per cent speci-410 group.bmj.com on October 22, 2017 -Published by http://heart.bmj.com/ Downloaded from ficity when timing abnormalities were added to pattern recognition criteria. Assessment of the severity of the stenosis from the velocity curves was also reliable.
AORTIC REGURGITATION
The technique was equally valuable in the diagnosis and assessment of the severity ofaortic regurgitation. Addition of the patients with mild regurgitation who had not been assessed invasively to the two groups hardly lessened the percentage of good correlations.
COMBINED STENOSIS AND REGURGITATION
The technique seemed to be equally valuable for diagnosis of patients with combined lesions. A correct evaluation of the grading of the stenosis was obtained in 77 per cent of cases, but there were some discrepancies in assessment of the severity of coincident aortic regurgitation, bringing the accuracy down to 50 per cent.
Discrepancies between Doppler assessment and invasive findings DIAGNOSIS False-negative diagnoses were exceptional and were made only in mild lesions (cases 10, 13, 30, 32, 38) . They were all based on incomplete recordings. This underlines the critical need for a series of velocity samples to be obtained at different sites in the aorta for correct diagnosis. One false-positive diagnosis of aortic regurgitation resulted from placement of the sample volume close to the aortic wall. In the detection of turbulence, a high degree of sensitivity is preserved but specificity is less because of false-positive diagnoses in some cases of mitral regurgitation.
GRADING OF SEVERITY
Except for one case (case 36), discrepancies resulted from an overlap between grades. This was uncommon in pure lesions (cases 6, 27). In case 27, a low cardiac output might have led to erroneous underestimation. Though we have not experienced the same error with stenosis, the possibility must be borne in mind. The evaluation of combined lesions was satisfactory for the assessment of stenosis, with only two exceptions (cases 36, 38). Case 36 was the only one where there was a grading difference of 2: a tracing from a branch vessel was wrongly interpreted as an aortic arch recording. This mistake can be avoided by setting the sample volume at a suitable depth where it is unlikely to record from superficial vessels which do not always show the flow abnormalities. In combined lesions, assessment of aortic regurgitation by this technique was less satisfactory in this series, with four discrepancies (cases 29, 31, 36, 37) . However, the differences involved only one grade.
Two of these discrepancies involved overestimation of the severity of the regurgitation. This probably resulted from measurements close to the jet from a stenotic valve where there may be large vortices with a negative component. To avoid this mistake we now record several samples close to each other in the same part of the aorta. In regurgitation the patterns are similar to each other and only alter progressively downstream, whereas with stenosis and its associated large vortices the pattern is chaotic. Where the results were discrepant, a low cardiac output has already been mentioned as a possible source of error and mitral valve lesions were often present in some cases. When aortic regurgitation is assessed purely on the detection of turbulence in the left ventricular outflow tract, the regurgitation may be wrongly estimated.
Limitations of method
Throughout this paper the technical limitations of the technique have been stressed. It is again emphasised that this is not a quantitative method of measuring flow or absolute velocity. From the clinical point of view, this is of minor importance since the diagnostic criteria are based purely on pattern recognition and timing abnormalities of the velocity curves. However, some rules have to be followed for accurate diagnoses using this technique. These include a careful echocardiographic check of the correct location of the Doppler sample, and the use of an adequate number of velocity samples which should be taken at a sufficient depth for the aortic samples to be well within the aorta. These velocity recordings are not always possible particularly in patients with emphysema. Rarely, in others, an adequate number of sites cannot be sampled for accurate assessment of the severity of the lesion, but, as a general rule, recording from the suprasternal notch is consistently successful. This is facilitated by the small size of the transducer. Deformity of the thoracic cage seems to be less of a drawback for this technique than for classical echocardiography. On the other hand, previous tracheotomy or presence of a tracheotomy tube makes the suprasternal approach extremely cumbersome.
Conclusions
Pulse echo Doppler blood velocity recordings need further technical improvements for a more complete demonstration of the complex flow disturbances generated in aortic valve disease. However, for purely clinical purposes, such as diagnosis and assessment of the severity of the lesion, this technique is very useful and reliable, and is useful also for the assessment of prosthetic valve function.
